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Abstract
Inhibiting single cytokines produced modest effects in clinical trials, in part because the cytokines
werenot specific for sepsis, and sepsis may require cellular strategies. Previous studies reported
that mast cells (MCs) fight infections in early sepsis. In this study, we report that MC stabilizers
restrain serum TNF levels and improve survival in wild-type but not in MC-deficient mice. Yet,
MC depletion in knockout mice attenuates serum TNF but does not improve survival in sepsis.
Serum HMGB1 was the only factor correlating with survival. MC stabilizers inhibit systemic
HMGB1 levels and rescue mice from established peritonitis. MC stabilizers fail to inhibit HMGB1
secretion from macrophages, but they prevent apoptosis and caspase-3 activation in sepsis. These
results suggest that MC stabilization provides therapeutic benefits in sepsis by inhibiting
extracellular release of HMGB1 from apoptotic cells. Our study provides the first evidence that
MCs have major immunological implications regulating cell death in sepsis and represent a
pharmacological target for infectious disorders in a clinically realistic time frame.

Severe sepsis is a major clinical challenge in modern medicine, representing the third cause
of death in developed countries (1, 2). There are very few treatment options, and the
mortality rate in sepsis remains extremely high, from 30–70% depending on the underlying
cause and the organs affected (3). Severe sepsis remains a scientific challenge with >30
unsuccessful clinical trials (3). Recombinant human activated protein C is the only treatment
approved by the U.S. Food and Drug Administration. Yet, this treatment is approved only
for a small subset of patients with severe sepsis due to the risk of hemorrhage. One of the
principal challenges of sepsis is the two factors of the pathology: the infection and the
inflammatory responses of the host. Sepsis is commonly originated by an infection, and the
development of new antibiotics can control and prevent infections (2). However, despite the
advances in antibiotics and intensive care, sepsis remains the most common cause of death
in hospitalized patients, killing over 250,000 patients and accounting for 9.3% of the overall
deaths in the United States annually (1, 2). In addition to the infection, sepsis is
characterized by detrimental inflammatory responses produced by the host. Immune
cytokines trigger defensive inflammatory responses to fight the infection. But, overzealous
cytokine production can be worse than the original infection, causing deleterious
inflammatory responses leading to multiple organ failure (4–7). Many studies have shown

Copyright © 2010 by The American Association of Immunologists, Inc.
Address correspondence and reprint requests to Dr. Luis Ulloa, Department of Surgery, University of Medicine and Dentistry of New
Jersey-New Jersey Medical School, Medical Science Building F-673, 185 South Orange Avenue, P.O. Box 1709, Newark, NJ 07103.
Mail@LuisUlloa.com.
Disclosures
The authors have no financial conflicts of interest.
The online version of this article contains supplemental material.

NIH Public Access
Author Manuscript
J Immunol. Author manuscript; available in PMC 2011 April 27.

Published in final edited form as:
J Immunol. 2010 July 1; 185(1): 709–716. doi:10.4049/jimmunol.1000273.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the contribution of particular cytokines to the pathogenesis of sepsis. Among others,
inhibition of TNF, ILs, migration inhibitory factor, or HMGB1 provided promising results in
experimental sepsis. Yet, none of these cytokines appears to be specific for sepsis, and, so
far, the inhibition of single cytokines has produced modest effects in clinical trials for sepsis
(8). A potential explanation is that sepsis is not produced by a single cytokine, and hence,
successful treatments may require inhibiting several cytokines rather than a single cytokine.
Thus, most recent strategies have focused on analyzing the cellular sources of those
detrimental inflammatory responses as an alternative strategy for treating sepsis.

The inflammatory responses in sepsis are complex, and their cellular sources remain hitherto
controversial. Most of the inflammatory cytokines in sepsis were first described in
macrophages, and thus most of the cellular studies focused on those cells. Recent studies
revealed the unique potential of mast cells (MCs) to produce prompt inflammatory
responses and to fight the infection in the early stages of sepsis. In agreement with this
mechanism, MC-deficient mice have increased susceptibility and mortality in polymicrobial
peritonitis (9). As the number of peritoneal macrophages does not differ between MC-
deficient mice and normal littermates (9, 10), macrophages are an unlikely candidate to
explain these differences. Adoptive transfer of MCs from wild-type mice re-establishes
natural protection against infection in reconstituted knockout mice (9). MC-induced
protection appears to be mediated by TNF because anti-TNF neutralizing Abs prevent this
effect (9). Unlike resting macrophages (11), T cells (12) or B cells (13), MCs store notable
quantities of TNF available for immediate release (14). MCs are the only resident cell type
capable of storing TNF in cytoplasmic granules that is rapidly released immediately
postinfection (14, 15). MC-produced TNF modulates neutrophil influx and bacterial
clearance at sites of infection (16). Most of the studies emphasized the role of the MC in the
early stages of sepsis using experimental models of moderate sepsis, which show high
survival even in the absence of antibiotics. Although these results provided valuable
information about the physiological implications of MCs in early stages of the infection,
little is known about the pharmacological implications of MCs in the clinical settings of
sepsis. In this study, we analyze the potential contribution of MCs to experimental models of
sepsis resembling clinical settings, characterized by the advanced stage of the infection and
a higher mortality despite the use of antibiotics. Our results are the first evidence that MCs
contribute to the pathogenesis of sepsis, and MC stabilization improves survival by
preventing apoptosis in sepsis.

Materials and Methods
Animal experiments

Adult male Sprague-Dawley rats (Taconic Farms, Germantown, NY), wild-type C57BL/6J
(Taconic Farms), or MC-deficient WBB6F1-KitW/KitW-v and counterpart WBB6F1 Kit-+/+

mice (The Jackson Laboratory, Bar Harbor, ME) were randomly grouped, and investigators
were blinded to the experimental treatment. All animal experiments were performed in
accordance with the National Institutes of Health Guidelines under protocols approved by
the Institutional Animal Care and Use Committee of the University of Medicine & Dentistry
of New Jersey-New Jersey Medical School. Experimental models were performed as we
previously reported in Wang et al. (17). Endotoxemia: endotoxin (Escherichia coli LPS
0111:B4; Sigma-Aldrich, St. Louis, MO) was dissolved in sterile, pyrogen-free PBS and
sonicated for 30 min immediately before use. Cecal ligation and puncture (CLP): animals
were anesthetized with ketamine (75 mg/kg i.m., Fort Dodge, Fort Dodge, Iowa) and
xylazine (20 mg/kg i.m.; Boehringer Ingelheim, St. Joseph, MO) and subjected to abdominal
incision and ligation of the cecum at 7.0 mm from the cecal tip away from the ileocecal
valve. The ligated cecal stump was punctured once with a 22-gauge needle, and stool was
extruded (~1 mm) to ascertain patency of puncture. The abdominal wound was closed in two
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layers, peritoneum and fascia separately to prevent leakage of fluid. All animals received
antibiotic (7 mg/kg enrofloxacine i.p.) immediately postsurgery and provided every 12 h
during 3 d. Unless otherwise indicated, cromoglycate (100 mg/kg i.p) and doxantrazole (10
mg/kg i.p) were administered twice at 16 h and 40 mins before the septic challenge. In the
delayed treatments, the administration of cromoglycate was started at 24 h after the septic
challenge and given every 12 h for 3 d.

Ex vivo organ and cell cultures
Briefly, spleen and lung were collected and washed with cold 1× PBS and cut into 3-mm3

fragments. Two explants (total weight ~2 mg) were incubated per well (2.0 cm2) of a 24-
well plate with RPMI 1640 medium containing 1% penicillin, 1% streptomycin, and 1%
gentamycin at 37°C in 5% CO2/air. Whole blood was collected in syringes with 0.02 ml of
heparin and incubated in 96-well plates. Tissue and whole blood were stimulated with
vehicle or LPS and treated with a concentration range of cromoglycate. TPH1 cells
(American Type Culture Collection, Manassas, VA) were cultured in RMPI 1640 medium
with L-glutamine (Life Technologies, Rockville, MD) supplemented with 10% heat-
inactivated FBS (Hyclone Laboratories, Logan, UT) at 37°C in a humidified incubator with
5% CO2. For experiments, cells were transferred to 24-well polystyrene culture plates at 3 ×
105 cells/well in 1 ml medium/well. After overnight incubation, the medium was removed
and replaced with serum-free RMPI 1640 medium. Cells were pretreated with cromoglycate
for 40 min prior to LPS challenge (100 ng/ml).

Cytokine measurements
TNF was analyzed as previously described in Huston et al. (18). TNF in serum and organs
was analyzed at 90 min after the septic challenge. Organs were washed with cold 1× PBS
then homogenized (Homogenizer, Omni International, Kennesaw, GA) in lyses buffer (50
mM Tris-HCl, 150 mM NaCl, 0.5% NaPO4, 50 mM NaF, 0.2 mM NaPO4, 25 ug/ml
aprotonin, 25 ug/ml pepstatin A, and 1 mM PMSF) and incubated for 10 min on ice. The
resulting suspension was centrifuged (10,000 × g for 25min at 4°C), and the supernatant was
collected. TNF concentration in organs was normalized according to total protein
concentration (nanograms per gram tissue). HMGB1 was analyzed as previously described
in Huston et al. (17). Mouse monoclonal anti-HMGB1Ab (1µg/ml) (Ab12029, Abcam,
Cambridge, MA) was used for coating the wells in ELISA plates. Captured HMGB1 protein
was analyzed using polyclonal anti-HMGB1 Ab (Ab 18256, Abcam) at a final concentration
of 1000 ng/ml and the reaction then visualized by adding anti-rabbit IgG-HRP Ab (1:2000)
(Cell Signaling Technology, Beverly, MA). Multicytokine analyses for IL-1A, IL-1B, IL-2,
IL-4, IL-5, IL-6, IL-10, IL-12A, IL-13, IL-17A, G-CSF, and GM-CSF) were measured using
a Multi-Analyte Profiler ELISArray Kit (SABiosciences, Frederick, MD).

Cell death
Spleens were mechanically disrupted with a 100-um pore cell strainer (BD Falcon, BD
Biosciences, San Jose, CA), erythrocytes lysed in solution (Gentra Systems, Big Lake, MN)
for 10 min, and intact cells washed twice in PBS. Splenocytes (1×105 cells) were suspended
in 200µl lysis buffer supplied by the manufacturer and incubated for 30 min at room
temperature. After pelleting nuclei (200 × g for 10 min), cytoplasmatic mononucleosome-
and oligonucleosome-associated histone DNA complexes were analyzed using the Cell
Death Detection ELISA plus kit (Roche Molecular Biochemicals, Mannheim, Germany). In
situ cell death was analyzed with TUNEL. Spleens were fixed in 10% (v/v) buffered
formalin (pH 7.2) and permeabilized following the manufacturer’s instructions. After
washing, the 3′-OH ends of DNA fragments were stained as described by the manufacturer
(In Situ Apoptosis Detection kit POD, Roche Diagnostic Systems, Somerville, NJ). Sections
were counterstained with 7-aminoactinomycin D to define splenic structures. Stained
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sections were mounted in Vectashield (Vector Laboratories, Burlingame, CA) and examined
at ×20 on a laser-scanning confocal microscope (Radiance 2100, Bio-Rad, Hercules, CA).
Caspase-3 was analyzed from splenic homogenates and normalized by protein
concentration. Protein samples were separated by 4–12% gradient SDS-PAGE gels,
transferred, probed with purified anti–caspase-3 and anti-cleaved caspase-3 Ab (Cell
Signaling Technology), and processed with the Immune-Lite Chemiluminescent assay kit
(Bio-Rad).Films were scanned with a silver image scanner (Silverscaner II, Lacie Limited,
Beaverton, OR), and the relative intensity was quantified by using National Institutes of
Health ImageJ 1.59 software (Bethesda, MD).

Statistical analyses
All data were expressed as mean ± SD. Statistical analyses were performed using ANOVA
with Bonferroni’s correction. Analyses of normality and homogeneity of variance were
performed to verify the assumptions of ANOVA. ANOVA was used to compare all
treatments and specific pairwise comparisons as stated in the experiments. The Student t test
was used to compare mean values between the two experimental groups. Statistical analyses
of survival were determined using the log-rank test. Kaplan-Meier product-limit estimates of
the survival functions were plotted using Graph-Pad (version 5, GraphPad, San Diego, CA).
Tests resulting in p values of <0.05 were considered statistically significant.

Results
MC stabilizers prevented systemic inflammation and improved survival in sepsis

The implications of the MC in sepsis were first analyzed by using the most characteristic
MC stabilizers including doxantrazole, ketotiphen, or cromoglycate. All three MC stabilizers
significantly blunted serum TNF levels by >50% in endotoxemic mice (Fig. 1A). Yet,
cromoglycate was the most efficient by inhibiting serum TNF response by over 60%. The
anti-inflammatory potential of these stabilizers was also confirmed in Sprague-Dawley rats
and analyzed at different time points, indicating that cromoglycate and doxantrazole induce
a lasting inhibition and did not merely delay the TNF responses in vivo (Fig. 1B). This anti-
inflammatory effect provides therapeutic benefits, and cromoglycate improved survival by
40% (Fig. 1C). Similar results indicate that cromoglycate inhibits serum levels of MC-
derived tryptase (Supplemental Fig. 1). These two effects were dose-dependent, and the
lowest concentration of cromoglycate failed to induce survival benefits. Likewise, MC
stabilization with doxantrazole also improved survival by 40% in endotoxemia (Fig. 1D).
The therapeutic potential of these MC stabilizers was also analyzed in polymicrobial sepsis
induced by CLP, a more clinically relevant model with polymicrobial peritonitis induced by
the cecal puncture and the necrotic tissue induced by the cecal ligation. MC stabilization
with cromoglycate attenuated the clinical manifestations of endotoxemia (including
lethargy, diarrhea, piloerection, and huddling) and improved survival by 40% in
polymicrobial peritonitis (Fig. 1E). Animals were observed for 2 wk, and no late deaths
were found, suggesting that MC stabilizers conferred a lasting protection and did not merely
delay the pathology.

The anti-inflammatory mechanism of the MC stabilizers in sepsis was analyzedinthe major
organs (Fig. 2A). The highest TNF responses and concentrations were found in the spleen,
lung, and through the gastrointestinal tract including the jejunum, ileum, and colon. In vivo,
the most significant effects of MC stabilizers were found in the lung and through the
gastrointestinal tract (jejunum, ileum, and colon), where cromoglycate consistently inhibited
TNF levels by >40%. Yet, cromoglycate failed to modulate TNF levels in the spleen of
endotoxemic mice. Because MCs display functional heterogeneity based on their location
(19), we analyzed whether splenic MCs may have particular features preventing the effect of
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cromoglycate. MC stabilizers were analyzed in ex vivo culture of blood, lung, and spleen.
Ex vivo organ cultures were treated with a concentration range of LPS and cromoglycate,
and TNF was analyzed at 3 h posttreatment. All organ cultures had a typical dose response
to endotoxin, yet lung and spleen showed higher sensitivity than blood (Fig. 2B, 2D, 2F).
This pattern of responses is similar to that reported in vivo (18). Cromoglycate failed to
inhibit TNF production in the blood, even at high, non-physiological concentrations of 1 mg/
ml (Fig. 2C). Cromoglycate inhibited TNF production in the lung by ~60%, a proportion
similar to that described in vivo (Fig. 2E). Unlike in vivo, cromoglycate inhibited TNF
production in the spleen by >90% with an estimated EC50 of 4 ± 0.5 ng/ml (Fig. 2G). These
results suggest that MC stabilizers can improve survival in experimental sepsis by inhibiting
TNF responses from resident macrophages in the critical organs of sepsis and particularly in
the lung.

MC-deficient mice had lower TNF responses but similar mortality and HMGB1 responses
in sepsis

The specificity of MC stabilizers was analyzed in MC-deficient WBB6F1-KitW/KitW-v mice
and the wild-type littermate WBB6F1+/+ mice. Cromoglycate attenuated serum TNF levels
in wild-type but not in MC-deficient mice (Fig. 3A). These results also indicate that MC-
deficient mice had significantly lower TNF responses to endotoxin than the wild-type
littermate. To confirm this hypothesis, animals were treated with different concentrations of
endotoxin and serum TNF responses analyzed in vivo. MC-deficient mice had statistically
significant lower serum TNF responses to endotoxemia than the wild-type mice (Fig. 3B).
However, these diminished TNF responses in the MC-deficient mice did not correlate with
survival benefits. Indeed, MC-deficient and wild-type littermate mice had a similar mortality
kinetic in polymicrobial peritonitis treated with antibiotics (Fig. 3C). Animals were observed
for 2 wk, and no late deaths were found, indicating that MC depletion in knockout mice did
not prevent or delay mortality in polymicrobial sepsis with antibiotics. To further determine
the role of the MCs in late stages of sepsis, we analyzed the cytokine profile of the serum of
septic animals at 24 h after the onset of sepsis. Around 10% of the animals start to die at ~24
h, and thus, this is the latest time point possible to analyze all the animals while they remain
alive. Cytokines were analyzed with the multianalyte profiler to determine TNF, HMGB1,
IL-1A, IL-1B, IL-2, IL-4, IL-5, IL-6,IL-10, IL-12A, IL-13, IL-17, G-CSF, and GM-CSF.
HMGB1 was the most abundant cytokine with ~105 ± 8 ng/ml serum. Furthermore, serum
HMGB1 levels in wild-type mice were statistically similar to those found in MC-deficient
mice (Fig. 3D). Although MC-deficient mice had lower serum TNF responses than WT
mice, they both had similar mortality and a similar increase in serum HMGB1 responses
during sepsis.

MC stabilizers inhibited serum HMGB1 and rescued animals from sepsis
We analyzed whether treatment with MC stabilizers modulates serumHMGB1 levels, a
characteristic late mediator of sepsis. HMGB1 regulation by MC stabilization was analyzed
in both endotoxemia and CLP. Both endotoxemia and polymicrobial peritonitis induced
lethal serum HMGB1 responses. MC stabilization with cromoglycate starting before LPS
blunted serum HMGB1 levels by ~60% in wild-type but not in the MC-deficient mice (Fig.
4A, 4B). Similar results were found in polymicrobial sepsis, in which cromoglycate blunted
serum HMGB1 levels by ~60% in wild-type but not in MC-deficient mice (Fig. 4C, 4D).
Because HMGB1 is a late cytokine produced by macrophages at ~20 h after endotoxin
stimulation, we analyzed whether cromoglycate can inhibit serum HMGB1 levels when the
treatment is delayed 1 d after septic challenge. Treatment with cromoglycate was started at
24 h after CLP, and serum HMGB1 levels were analyzed at 44 h by ELISA. Delayed
treatment with cromoglycate dramatically attenuated serum HMGB1 levels ~80% (Fig. 4E).
Because this treatment was significantly efficient, we analyzed whether delayed MC
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stabilization could rescue mice from polymicrobial sepsis. Animals underwent CLP, and the
treatment with cromoglycate was started 24 h later. This is a time point at which mice show
clear signs of sepsis, including fever, lethargy, diarrhea, and huddling, and ~10% of animals
will die in the next few hours. Delayed administration of cromoglycate attenuated the
clinical manifestations of sepsis and rescued 60% of the animals (Fig. 4F). Animals were
monitored for 2 wk, and no late deaths were observed, indicating that MC stabilization
conferred a lasting protection. These results suggest that MCs contribute to systemic
inflammation during sepsis, and their stabilization can rescue animals from established
sepsis in a clinically realistic time frame.

MC stabilization with cromoglycate prevented apoptosis in sepsis
To study the mechanism of HMGB1 regulation, we first analyzed whether cromoglycate
inhibits LPS-induced HMGB1 secretion from macrophages. Cromoglycate failed to inhibit
extracellular HMGB1 secretion from peritoneal macrophages (Fig. 5A). Because serum
HMGB1 can be released from apoptotic lymphocytes and mediates the apoptosis-induced
sepsis lethality (20), we analyzed whether cromoglycate prevents cell death in sepsis.
Cromoglycate dramatically prevented cell death in the spleen of septic mice as determined
by cytoplasmic histone-associated DNA fragments (Fig. 5B). We further confirmed these
results by TUNEL staining of splenic sections from septic mice (Fig. 5C). In agreement with
previous studies, bacterial endotoxin induced apoptosis predominately in the germinal center
of the spleen. Cromoglycate dramatically diminished the apoptotic staining in the white pulp
of the germinal center. Because apoptosis is mediated by death receptor and mitochondrial-
mediated apoptosis converge in the activation of caspase-3 (21), we analyzed whether MC
stabilization with cromoglycate modulates caspase-3 during sepsis. Bacterial endotoxin
induces significant activation of caspase-3, and MC stabilization with cromoglycate
inhibited caspase-3 activation in the spleen of septic mice by >60% (Fig. 5D). This effect
was specific for MCs because cromoglycate failed to prevent apoptosis and caspase-3
activation in MC-deficient mice (Fig. 5E). These results strongly suggest that MC
stabilization with cromoglycate can prevent apoptosis in sepsis by inhibiting caspase-3
activation.

Discussion
Because previous studies on MCs emphasized their unique potential to induce prompt
inflammatory responses against infection, the stabilization of MCs is expected to increase
the risk of infection and to be detrimental in sepsis. However, our results indicate that
treatment with MC stabilizers rescues animals from established sepsis. Although the
molecular details of MC stabilization were not fully determined, MC stabilizers block
calcium channels essential for MC degranulation (22, 23). Without intracellular calcium, the
secretory vesicles cannot fuse to the cell membrane, and MCs cannot degranulate their
inflammatory factors. The specificity of our treatments was confirmed using MC-knockout
animals as follows: 1)MCstabilization with cromoglycate attenuated serum TNF levels in
wild-type but not in MC-knockout mice; 2) cromoglycate started before LPS blunted serum
HMGB1 levels by ~60% in wild-type but not in MC-deficient mice; 3) similar results were
found in polymicrobial sepsis, and cromoglycate blunted serum HMGB1 levels by ~60% in
wild-type but not in MC-knockout mice; and 4) sepsis causes apoptosis in the spleen of both
wild-type and MC-knockout mice. However, cromoglycate attenuated apoptosis in the wild-
type but not in MC-knockout mice. Because our current study focuses on the role of the MC
in the late stages of sepsis, we analyzed the cytokine profile at 24 h after the onset of sepsis.
Around 10% of the animals start to die at this time, and thus, this is the latest time point
possible to analyze serum cytokines while all the animals remain alive. Although the array at
a single time point may not fully reveal the effects of other early cytokines with different
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times of production, HMGB1 was the most abundant cytokine at the late stages of sepsis.
Unlike other cytokines, serum HMGB1 levels were decreased by MC stabilizers but not in
MC-knockout animals, similar to those results described for survival and apoptosis. These
results provide novel conceptual perspectives for the MCs as modulators of apoptosis and
the damage-associated molecular pattern in infectious diseases. To our knowledge, this is
the first study supporting MCs as the first known physiological modulator of apoptosis in
sepsis, improving survival in sepsis by preventing apoptosis. Previous studies confirmed that
apoptosis plays a critical role in sepsis, and pharmacological inhibition of apoptosis can
improve survival (24). Our results show that MC genetic depletion in knockout mice does
not prevent apoptosis in sepsis, indicating that apoptosis is not dependent on MCs. Unlike
genetic deletion, MC stabilization prevents apoptosis and improves survival in sepsis. These
results suggest that MCs can induce therapeutic benefits in sepsis through a mechanism
independent of degranulation. Future studies will be required to analyze the potential release
of antiapoptotic factors from MCs via a degranulation-independent mechanism. Similar to
apoptosis, MC stabilization, but not MC-knockout animals, prevents systemic HMGB1
responses in sepsis. HMGB1 was originally identified as a nuclear DNA-binding protein that
functions as a structural cofactor. However, HMGB1 can be released into the extracellular
milieu, where it functions as an inflammatory factor (7, 25–27) contributing to abrupt
cardiac standstill (28, 29), intestinal derangement (30), and acute lung injury (31) in sepsis.
HMGB1 is presented in the extracellular mileu through two mechanisms: active secretion
from macrophages (17, 25, 32) or passive release from apoptotic or necrotic cells (20, 33,
34). Since MC stabilizers did not target macrophages and the number of peritoneal
macrophages is similar in both MC-deficient and normal littermates mice (9, 10), these
results suggest that MC stabilizers attenuate serum HMGB1 by preventing its extracellular
release from apoptotic cells. In this sense, HMGB1 represents a novel family of
inflammatory cytokines composed of intracellular proteins that, when present in the
extracellular milieu, are recognized by the innate immune system as necrotic markers (26,
35) or damage-associated molecular patterns (36, 37). This emerging family of specific
intracellular proteins represents optimal chemotactic markers selected by the innate immune
system to recognize tissue damage and initiate reparative responses (32, 33, 36). In
agreement with these results, recent studies indicate that apoptotic cells released HMGB1 to
the extracellular mileu, and HMGB1 contributes to apoptosis-mediated lethality in sepsis
(20, 38–40). Together, our results strongly support a new immunological role of MCs in
modulating cell death during infectious diseases and preventing apoptosis-induced
inflammation and lethality in sepsis.

Little is known about the pharmacological implications of MC in the clinical settings of
sepsis, which are normally associated with the advanced stages of the pathology and high
mortality despite the use of antibiotics. Previous studies avoided the use of antibiotics to
emphasize the unique potential of MC to fight bacterial infection in the early stages of
sepsis. In these conditions, MC-deficient mice have higher mortality in moderate sepsis (9)
because of their limited bacterial clearance (16). However, our studies indicate that MC-
deficient mice have similar mortality to wild-type littermate animals when treated with
antibiotics. These results suggest that the prompt inflammatory responses of the MC can
prevent infections in the early stages of sepsis, but this benefit is overridden in the advanced
stages and the use of antibiotics. These two considerations are typical in clinical settings of
sepsis, and they are characteristic factors limiting the clinical translation of experimental
strategies. A classical example is that anti-TNF therapies can prevent sepsis in the early
stages when the treatment is started before the challenge (41), but these approaches failed in
clinical trials, because they are ineffective when administered after the septic challenge (4,
42, 43). In contrast, HMGB1 appears as a late mediator of sepsis (25), and anti-HMGB1
therapies are more effective when delayed after the septic challenge (44, 45). A remarkable
implication of our study is that MC stabilizers improve survival even when the treatment is
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started 1 d postinduction of peritonitis. By comparison with other targets, administration of
anti-TNF Abs increased mortality when administered after cecal perforation (42).
Antimacrophage migration inhibitory factor Abs are ineffective if administered >8 h
postinduction of peritonitis (46). The therapeutic window for MC stabilization is also
significantly wider than for lysophosphatidylcholine, which is only effective when treatment
occurs within 10 h after cecal puncture (47). These comparisons are particularly remarkable
because the implications of MCs in the late stages of sepsis have been traditionally
underestimated because of their early responses to endotoxin. These results open the
potential of harnessing MCs for the treatment of sepsis in a clinically realistic time frame.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
MC stabilization prevented systemic inflammation and improved survival in sepsis. A,
C57BL/6J mice were treated with endotoxin (6 mg/kg i.p.) and vehicle: doxantrazole (Doxa;
10 mg/kg i.p.), ketotiphen (Keto; 25 mg/kg i.p.), or cromoglycate (Cromo; 50 mg/kg i.p.).
Serum TNF levels were analyzed 90 min later by ELISA (n = 4/group). *p < 0.05 versus
LPS. B, Adult male Sprague-Dawley rats were treated with endotoxin and vehicle:
doxantrazole (Doxa) orcromoglycate (Cromo;50mg/kg i.p.). Serum TNF levels were
analyzed at different time points (n = 4/group). *p < 0.05 versus LPS. C, Animals were
treated with endotoxin and vehicle (control)or a concentration range of cromoglycate (n =
10/group). *p < 0.05, survival log-rank test versus control. D, Animals were treated with
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endotoxin and vehicle (control) or doxantrazol (10 mg/kg) (n = 10/group). *p < 0.05,
survival log-rank test versus control. E, Animals were subjected to polymicrobial sepsis
induced by CLP and treated with vehicle (control) or cromoglycate (100 mg/kg) started
before the septic challenge and given every 12 h for 3 d (n = 30/group). *p < 0.05, survival
log-rank test versus control. These results are representative of three different experiments.
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FIGURE 2.
MC stabilization attenuated inflammatory responses. A, C57BL/ 6J mice were treated with
endotoxin and vehicle (control) or MC stabilizer cromoglycate (Cromo; 100 mg/kg i.p.).
TNF concentration in major organs including lung, spleen, jejunum, and colon was
determined by ELISA and normalized to organ protein (n = 6/group). The anti-inflammatory
potential of cromoglycate was further analyzed in ex vivo organ cultures. Blood (B), lung
(D), and spleen (F) were cultured ex vivo and treated with a concentration range of LPS to
establish a dose response ex vivo. C, E, and G, The cultures were treated with LPS (100 ng/
ml) and the indicated concentration of cromoglycate. TNF was measured in the supernatant
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at 3 h post-treatment (n = 9/group). These results are representative of three different
experiments. *p < 0.05 versus LPS.
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FIGURE 3.
MC-deficient mice had lower TNF responses but similar HMGB1 responses and mortality in
sepsis. A, Wild-type WBB6F1+/+ (WT) or MC-deficient WBB6F1-KitW/KitW-v (MKO)
mice were treated with endotoxin (6 mg/kg i.p.) and cromoglycate (Cromo). n = 5/group. *p
< 0.05 versus LPS. B, WT or MKO mice were treated with endotoxin (15 mg/kg i.p.). Serum
TNF levels were analyzed at 90 min by ELISA (n = 5/group). *p < 0.05 versus LPS. C, WT
or MKO mice were subjected to CLP and Kaplan-Meier survival analysis (n = 25/group). p
= NS, survival log-rank test. D, WT or MKO mice underwent CLP, and HMGB1 serum
levels were analyzed at 24 h (n = 5/group). *p < 0.05 versus control. These results are
representative of three different experiments.
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FIGURE 4.
MC stabilization inhibited systemic HMGB1 response to sepsis and rescued animals from
polymicrobial sepsis. WT (A, C) or MKO (B, D) mice were treated with cromoglycate
(Cromo; 100 mg/kg i.p.) 16 h and 40 min before endotoxin (6 mg/kg i.p.). Animals were
subjected to endotoxemia (A, B) or CLP (C, D), and serum HMGB1 levels were analyzed by
Western blot at 24 h after the procedure (n = 9/group). *p < 0.05 versus LPS. E and F, WT
mice were subjected to CLP. Treatment with vehicle (control) or cromoglycate was started
at 24 h after the CLP procedure. E, Serum HMGB1 levels were analyzed at 44 h after the
induction of sepsis. n = 5/group. *p < 0.05 versus control. F, Survival was analyzed and
represented in a Kaplan-Meier analysis (n = 10/group). *p < 0.01, survival log-rank test
versus control. These results are representative of three different experiments.
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FIGURE 5.
MC stabilization modulates apoptosis (cell death) in sepsis. A, Macrophages were pretreated
with a concentration range of cromoglycate and activated with LPS (100 ng/ ml).
Extracellular HMGB1 was analyzed in the conditioned media at 24 h poststimulation (n = 4/
group). p < 0.05 versus LPS. B, WT mice were treated with vehicle or cromoglycate (+) 16 h
and 40 min before LPS (6 mg/kg i.p.). Spleens were collected at 24 h, and DNA
fragmentation was analyzed by the cytoplasmic mononucleosome- and oligonucleosome-
associated histone assay. n = 4/group. *p < 0.05 versus LPS. C, WT mice were pretreated
with vehicle or cromoglycate (+ C) before endotoxin (6 mg/kg i.p.). Splenic sections were
stained for 7-aminoactinomycin D (red) or in situ cell death (TUNEL) (green) (original
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magnification ×40). Pictures are representative of four different animals. WT (D) or MKO
(E) mice were treated with cromoglycate 16 h and 40 min before endotoxin (6 mg/kg i.p.).
A-Casp 3 was analyzed at 24 h posttreatment. n = 4/ group. *p < 0.05 versus LPS. These
results are representative of three different experiments. A-Casp 3, activated caspase-3.

Ramos et al. Page 18

J Immunol. Author manuscript; available in PMC 2011 April 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


